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ABSTRACT 


The paper presents one aspect of the analysis of energy consumption and productivity of the 
manufacturing operation. As an example of the operation, the operation of turning with a single-blade 
tool was taken. Sustainable development in its general concept implies sustainable materials, 
sustainable design, and sustainable manufacturing. This paper presents an analysis of one important 
part of sustainable manufacturing, and that is energy saving. The experimental study was conducted 
as follows. In laboratory conditions, an experimental-mathematical regression model of the 
relationship between cutting force and processing conditions was defined. Machining experiments 
were performed under ECO-friendly conditions with technology known as MQCL (Minimum Quantity 
Cooling Lubrication) machining. The obtained mathematical model was used to calculate the energy 
consumption and the workpiece material removal rate (MRR, productivity). The results of the 
analysis showed that there is a lot of space for optimization of machining conditions from the aspect 
of power consumption, with mandatory calculation and other machining costs, above all, the cost of 
tools and machine tools. In this regard, recommendations for analysis with the aim of power saving 
are given. 


sustainable manufacturing; MQCL machining; power saving; design of 
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1. INTRODUCTION constituent elements involved in 


To achieve the concept of sustainable 
manufacturing, which is a very complex 
problem, it is necessary to consider three 
integral levels of interaction, namely: 
products, processes, and systems [1,2], 
Figure 1. There is no universal or generally 
accepted definition of sustainable 
manufacturing in the literature and practice 
[1]. However, it must be said that there are 
many insufficient attempts, including a 
partially integrated approach. Almost all of 
these attempts are flawed because they 
mainly deal only with products and 
processes, but do not emphasize the 
interconnectedness between the three 


manufacturing (products, processes, and 
systems). In line with the basic concept, 
sustainable manufacturing offers a new 
way of producing functionally sustainable 
products using sustainable technologies 
and advanced manufacturing methods. 
This is only possible if product design, 
production, supply chain design and 
management, and logistics at the 
manufacturing enterprise level can be 
understood, developed, and managed in an 
integrated way. 

The interaction between the levels of the 
elements shown in Figure 1 gives the 
desired sustainable goal. 
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SYSTEMS 


SUSTAINABLE 
MANUFACTURING 


4G 


PRODUCTS | mmm | PROCESSES 


Figure 1. Integrated elements of sustainable manufacturing [1] 


In terms of products (Figure 1), a new 6R 
approach (i.e. re-duce, re-design, re-use, re- 
cover, re-manufacture, and re-cycle) has 
been established instead of the 3R 
Regarding the process (Figure 1), the 
reduction oof energy consumption, 
hazards, and toxic waste is achieved by 
using an optimized technological process. 
This technological process is associated 
with an efficient process planning 
methodology, with the use of an efficient 
supply chain system that takes into 
account all stages of the life cycle (i.e. pre- 
manufacturing, manufacturing, u,se and 
post-use) ensures an effective sustainable 
system [5]. The expectations of a 
sustainable manufacturing process are 
concluded as follows [3,4,5]: 
e Energy consumption reduction 
e Waste elimination/reduction 
e Product durability improvement 
e Health hazards and toxic dispersion 
elimination 
e Higher quality of manufacturing 
e Recycling, reuse, and remanufacturing 
enhancement 


e Development of renewable 
resources. 

On the other hand, the analysis of each of the 
elements shown in Figure 1 should be 
approached from a comprehensive point of 
view. In this paper, special attention is put to 
the process. The manufacturing process 
observed in a cybernetic way can be 
represented in the way that Figure 2 shows. 
The clear position of the so-called internal 
factors can be seen, among which are the 
cutting forces. This is especially important 
from the aspect of energy saving or 
energy consumption § reduction’ to 
achieving sustainable manufacturing. So, 
technologically speaking, there are large 
reserves in the segment of energy 
consumption. In this paper, the example 
of a turning operation shows how energy 
can be saved. Previously, the relationship 
between the cutting forces and the 
elements of the cutting regime was 
experimentally modeled, and later this 
mathematical model was used for the 
analysis and calculation of energy/power 
consumption. 


energy 


==> | Manufacturing Process |= | Output 


e Work Internal factors Products/cost 
e Tools e Cutting forces Products/time 
e Movement e Energy 
e Control e Temperature 
e Cooling fluid e Tool wear 

e Vibration 


Figure 2. Machining process 
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2. EXPERIMENTAL SETUP 

Turning is one of the most widely applied 
production technologies in _ industrial 
practice [6]. As with any other production 
technology by removing workpiece 
material, the presence of cutting forces is 
bound to take place. Greater magnitudes of 
the resulting cutting force in production 
processes cause higher wear of cutting tools, 
higher probability of tool breakage, higher 
cutting temperature, as well as lower quality 
of the machined surface and dimensional 
accuracy of the machined product [7]. Since 
all of the aforementioned are important 
factors from the aspects of both productivity 
and costs, finding ways to predict the 
magnitude of the resulting cutting force for 
a given machining condition is of 
paramount importance. One way to obtain a 
reliable mathematical model describing the 
relationship between cutting forces and 
machining conditions is the experimental 
method. This is meant the conduct of 
experiments, and the use of appropriate 


statistical methodologies, primarily 
regression analysis and analysis of 
variance. 


The experiment has been performed at the 
Laboratory for Metal Cutting and Machine 


Dynamometer 
KISTLER 5070 


Equipment for preparing oil 
on water droplet aerosol 


Tools, at the Faculty of Mechanical 
Engineering, University of Zenica. The 
experiments were conducted under ECO- 
friendly conditions, so-called MQCL 
(Minimum Quantity Cooling Lubrication) 
machining. Figure 3 shows _ the 
experimental setting of the turning 
operation. Cooling and lubricating media is 
an aerosol that represents water droplets 
with such an oil film carried by a stream of 
compressed air. This aerosol is not harmful 
to the environment at all, it is composed of 
water and vegetable oil. The following 
volume ratio was used in the experiment: 
0.9 liters per hour of water and 30 ml per 
hour of oil. Aerosol production (atomization) 
is done in a nozzle that directs it to the 
cutting zone. 

The conventionally operated lathe is a 
Potisje PA501M model. The cutting tool used 
in all of the experimental runs was 
Mitsubishi SNMG120408-MA inserts. The 
material of the workpiece is steel C45 (EN). 
The magnitude of the resulting cutting force 
was calculated based on measurements of 
the cutting force components, which were 
performed using a Kistler dynamometer 
5070 type. 


Water reservoir 


Figure 3. Experimental setup 
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The three most important machining 
conditions were selected for the factors: 
cutting speed, v, (or, rpmin of the workpiece), 


feed, f(mmpr,) and depth of cut, d (mm). 
Factor levels with natural and coded values 
are shown in Table 1. 


Table 1. Factor levels with natural and coded values 


Workpiece revolution 


. Feed Depth of cut 
per minute 
Factors levels : 
Dn, rpmin XI fmmpr X2 dmm X3 
Natural Coded Natural Coded Natural Coded 
Upper 265 +1 0.049 +1 0.5 +1 
Medium 600 0 0.124 0 1.0 0 
Lower 910 -1 0.196 -1 15 -1 
3. RESULTS AND DISCUSSION 
Table 2 shows the plan-matrix of the F = 2/24 F? + F2,N, (1) 


experiment with measurement results, 
namely: main cutting force Fz, thrust forces, 
Fy and feed forces Fx, as well as calculated 
values of the overall (resulting) cutting force 
F. Overall force is calculated according to the 
expression: 


Figure 4 shows the measurement results of 
the cutting force components for 
experimental runs 2 and 7. 


Table 2. Plan-matrix of experiment and measurement results 


Plan — matrix of experiment Measurement results, N 
Experl- 
mental $9 
runs Xo Xi X2 X3 < < S : FX Fy Fz F 

1 +1 -1 -1 -1 +1 +141 -1 Al 44 91 109 
2 +1 +1 -1 -1 -1 -1 41 +1 45 54 92 116 
3 +1 -1 +1 -1 -1 +1 -1 +1 75 96 239 268 
4 +1 +1 +1 -1 +1 -1 -1 -1 92 124 240 285 
5 +1 -1 -1 +1 -1 -1 +1 105 102 236 277 
6 +1 +1 -1 +1 -1 +1 -1 -1 156 154 241 326 
7 +1 -1 +1 +1 -1 -1 41 -1 269 262 695 790 
8 +1 +1 +1 +1 sot +141 +1 255 263 609 711 
9 +1 0 0 0 0 0 0 0 153 163 314 386 
10 +1 0 0 0 0 0 0 0 157 169 327 400 
11 +1 0 0 0 0 0 0 0 177 186 367 448 


Experimental run 2 


Experimental run 7 


Figure 4. Measurement results of the cutting force components for experimental runs 2 and 
7 (Table 2) 
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The task of experimental research is to 
determine the mathematical model of the 
function of the dependence of the overall 


cutting force on the number of revolutions, 
n, feed, £ and depth of cut, d If a 
mathematical form is assumed as: 


g= Bo + By ‘Xy+ Bo *X2 + B3 ‘X34 Bi2 *X,X2 + Bi3 *X,X3 + B23 *X2X3 + B23 *X1X2X3, (2) 


then the parameters of models fg £1 £2 Bs Biz 
Bs, Be, and £3 are called theoretical 
regression coefficients. Their values can 
only be statistically estimated on the basis 
of experimental results and through the 
regression coefficients bg, by, bz, bs, biz, biz, bez, 
and 2;in the multiple regression equation 
(3). For the assumed linear regression model 
without interactions (interaction effect of 


factors), based on the results from Table 2, a 
regression model is obtained in coded 
values, Eqn. (3), and (4), and in natural 
values by equation (5). For the assumed 
linear regression model with interactions, a 
regression model in coded values is given by 
equation (6), or in natural values by equation 


(7). 


y = bo + by + xy + by + Xp + bz +X%3 + Dz +X XQ + Dy3 * XyX3 + Dz3 °° XQxXz + Dy23 ° XX 2X3, (3) 
y = 360.28 — 0.831 +x, + 153.31- x2 + 165.7 - x3, (4) 
F = —225.12 — 0.0026-n + 2085.85: f + 331.4-d. (5) 


y = 360.28 — 0.831 - x, + 153.31 +x) +165.7 + x3 — 14.71 - 4%) — 
—6.8 + xX4xX3 + 71.05 * xX2x%3 — 17.33 + x4 X2X3 (6) 


F = 46 — 0.0026-n — 341.93: f +14.125-d+0.841-n-f + 
+0.137-n-d+2792.25-f-d—146-n-f-d (7) 


Statistical analysis, i.e. regression analysis, 
and analysis of variance was conducted 
using Minitab software. Graphical 
interpretation of individual factors and their 
interactions influence the overall cutting 
force is shown in Figure 5. The analysis of 
the significance of the influence of 


individual factors showed, as the diagram in 
Figure 5 clearly shows, that the feed, £ depth 
of cut, d and their induction significantly 
affect the overall cutting force. All other 
factors can be excluded from the model (7) 
so that it can finally be written by equation 


(8). 


F = 46 — 341.93: f + 14.125 -d + 2792.25: fd. (8) 


The metal cutting process is a process that 
has the following physical and production 
characteristics from a power consumption 
and productivity point of view. The cross- 
section of the chip is the product of the feed, 


£mmprev, and the depth of cut, d mm, and 
is equal to A= f. d. mm’. The product of this 
area and the cutting speed v, mpmin, gives 
the material. 
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Main Effects Plot for F 
Data Means 
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Figure 5. Main Effects Plot for the magnitude of the overall cutting force F 
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Figure 6. Relationship between cutting power and cutting speed for a different cross-section 
of the chip and productivity 


removal in a unit of time (MRR, material 
removal rate) or, in short, productivity, i.e. Q 
= A- v,mm*pmin. On the other hand, the 
cutting power is equal to the product of the 


total cutting force F, N, and the cutting 
speed, v, mpmin, i.e. P= F- v, W. 

Analysis of power consumption and 
productivity of the cutting process in terms 
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of achieving sustainable manufacturing, 
expression (8) will be used. This refers to the 
integrated elements of — sustainable 
manufacturing shown in Figure 1. It is clear 
that the analysis of power consumption and 
productivity refers to the element “process”, 
Figure 1. For a constant workpiece diameter 
D = 100 mm, Figure 6 shows the lines of 
constant cross-section area; from A = 0.025 
mm?’ to A = 15 mm’. Furthermore, for 
different cutting speeds, different 
productivity of manufacturing processes are 
obtained (Material removal rate, MRR), 
which ultimately gives different cutting 
powers, Figure 6. The goal is to power saving 
and thus bring the cutting process to the 
level of sustainable manufacturing. 

From the diagram in Figure 6, it is clear that 
power can be saved with machining 
conditions that give a smaller cross-section 
of the chip. For example, for a cutting speed 
of 2.88 mpsec for the largest value of chip 
cross-section, a maximum cutting power of 
11264 W is required. However, the power- 
saving calculation can be done as follows. 
Reducing the cross-section of the chip 
reduces productivity, but significantly 
reduces power. Thus, for the smallest value 
of chip cross-section A = 0.1 mm’, this power 
is only 878 W, and for the value A = 0.025 
mm, the power is even lower and amounts 
to only 304 W. With the appropriate 
calculation of the required machining time, 
the optimal cutting power can be achieved. 

Also, the following analysis can be 
performed in another way, and thus the 
calculation. For constant productivity, for 
example, Q = 130 cm*pmin, for the same 
cutting power of P= 6000 W, machining can 
be performed with different cutting speeds 
from v= 1.53 mpsec to v= 3.07 mpsec. The 
corresponding values of the chip cross- 
section are reduced from A = 1.5 mm? to A= 
0.75 mm?. A higher value can be adopted for 
rough machining and a lower value for 
finish machining. The cost of tools is also 
introduced into the analysis. Namely, it is a 
known fact that the tool life and the cutting 
speed are inversely proportional. As the 
speed increases, the cost of the tool 
increases, but the machining takes less 
time. 


4. CONCLUSION 

Based on the conducted research, the 

following conclusions can be made: 

e One of the ways to approach the concept 
of sustainable production is energy 
savings, which can be implemented in 
several ways. In the paper, this is shown 
in the example of a turning operation. 

e This paper presents an example of how 
an experimental measure of the cutting 
force can lead to a mathematical model 
of the dependence of the overall cutting 
force on the machining conditions 
(cutting speed, feed, and depth of cut). 
The obtained mathematical model can be 
used to calculate cutting power control 
(saving) and productivity calculation. 

e Optimal solutions must include the 
calculation of cutting power 
consumption savings. 
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ABSTRACT 


This paper presents the results of an experimental investigation into the effect of nano-silica addition 
on the mechanical properties and durability of concrete. Three mixes of concrete containing 0%, 2%, 
and 4% nano-silica by weight of cement were tested. The slump of fresh concrete as well as 
compressive strength, dynamic modulus of elasticity at 2, 7,28, 90, and 180 days, and flexural strength 
at 2, 28, and 90 days of hardened concrete were determined. As for indicators of concrete durability, 
the total volume of permeable voids, water absorption, the rate of water absorption, and the freeze- 
thaw scaling resistance were determined. Test results showed that the incorporation of nano-silica 
in concrete resulted in an improvement of all mechanical properties of concrete, as well as concrete 


durability parameters that are tested. 
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1. INTRODUCTION 
Concrete is the most widely used 
construction material in the world and is 


applied in different environmental 
conditions. However, concrete has a 
substantial carbon footprint, as _ the 


production of cement, its main ingredient, 
involves the emission of large amounts of 
CO,. The CO2 emission from the concrete 
production is directly proportional to the 
cement content used in the concrete mix [I]. 
Reducing the cement content and/or 
enhancing the concrete durability 
parameters can reduce its negative impact 
on the environment. Properties of hardened 
concrete, including durability, can be 
enhanced through the incorporation of a 
relatively small number of nanoparticles 
that can modify concrete microstructure. 


Recently, particular attention has been 
given to nano-silica (nS), which has 
noticeably higher reactivity than micro- 
silica. Compared to other nanoparticles, nS 
has better performance in concrete. Besides 
the pore-filling effect and nucleation effect 
which accelerates the hydration of cement, 
nS had high pozzolanic activity and could 
react with Ca(OH), in cement composites to 
generate more calcium silicate hydrate (C-S- 
H gel). This leads to modifying the internal 
C-S-H structure and achieving a denser and 
more compact microstructure [2]. Nano- 
silica is typically prepared by the 
neutralization of sodium silicate solutions 
with acid where silica monomers are 
allowed to condense to colloidal particles 
and aggregates. Nano-silica is 
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concrete 


commercially available in both powder and 
colloidal forms. 

Although the modification of the concrete 
properties by nS addition has been subjected 
to intensive study worldwide, it is still not 
enough for confident use of this addition, 
and nS in concrete is not yet commonly 
applied [3]. Water to cement ratio, cement 
content, physical state, and dispersion of nS 
into the concrete could significantly 
influence the nS performance in concrete. 
Nano-silica production costs are higher 
than production costs of other mineral 
additions. There is also an issue with the 
increased water demand for mixtures 
containing higher amounts of nS [4,5]. The 
literature survey showed that controversial 
results were obtained regarding the nS 
effect on mechanical properties. While some 


scaling resistance were determined. As the 
dry powders of nS particles are difficult to be 
dispersed in concrete, nS was added into 
concrete in the form of a slurry. 


2. MATERIALS AND METHODS 


2.1. Materials 

Ordinary Portland cement type CEM152.5N 
was used in this study. A commercial slurry 
of colloidal nS (Levasil CB22 by Nouryion 
Chemicals) containing 30% solids and has a 
density of 1.3 g/cm* was used. The surface 
area of nS is 220 m?/g and the average 
particle size is 12 nm [13]. Crushed limestone 
with a maximum particle size of 16 mm that 
complies with the requirements of EN 
12620-1 [14] was used as aggregate in the 
concrete mixes. A polycarboxylate-based 


researchers [6,7] observed a_ significant high-range water-reducing admixture 
increase in strength, others reported only (HRWRA) and_ air-entraining agent 
moderate improvement [8-11] or even there formulated from modified naturally 


was no gain in mechanical strength [12]. On 
the other hand, a majority of researchers 
claim improvement of concrete durability 
by incorporating nS in concrete. For these 
reasons complete and systematic 
experimental studies to assess the 
properties of nS incorporated concrete are 
needed. In this study, the effects of different 
dosages on concrete consistency, 
compressive and flexural strength, dynamic 
modulus of elasticity, the total volume of 
permeable voids, water absorption, the rate 
of water absorption, and the freeze-thaw 


Table 1. Mix proportions of the concrete 


occurring and synthetic surfactants, both 
conforming to EN 934-2 [15] were used as 
additives. 


2.2. Mix proportions 

Proportions of the reference mix and the 
mixes containing 2% and 4% nS by weight of 
cement are listed in Table 1. As nS was 
introduced into mixes in the form ofa slurry, 
the same water-binder ratio in each mix is 
obtained by reducing the added water by the 
amount contained in the nS slurry. 


Material 0% nS 2% nS 4% nS 
Cement (kg/m‘) 400 392 384 
nS (kg/m‘) - 8 16 
Agreggate (kg/m) 0-4mm 885 885 885 
4-8mm 355 355 355 
8-16 mm 530 530 530 
Water (kg/m‘) 176 176 176 
HRWRA (kg/m?) a9 3.2 3.2 
Air entraining agent (kg/m‘) 0,4 0.4 0.4 


2.3. Mixing procedure 

First, the fine and coarse aggregates were 
added to the mixer, followed by dry-mixing 
with cement for 120 s. Then, nS slurry and 
around 75% of the total amount of water are 
slowly added and mixed for another 120 s. 


Finally, the remaining mixing water and 
additives (HRWRA and Air entraining 
agent) were added to the mixer, during the 
consecutive mixing for 180 s. The whole 
mixing time was 7 min for all the batches. 
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2.4. Test methods 

After mixing, the slump test was carried out 
on each mix in accordance with EN 12350-2 
[16]. For testing hardened concrete 
properties cubes 100x100x100 mm and 
beams 100x100x400 mm were prepared. All 
specimens had been demoulded after 24 
hours and then stored in water at a 
temperature of 20 °C until tests were 
conducted. The compressive strength of the 
cubes was measured following’ the 
procedure described in the norms EN 12390- 
3 [17] at 2, 7, 28, 90, and 180 days. Before the 
compressive strength test, on cubic 
samples, a non-destructive test was carried 
out to determine the velocity of the 
ultrasonic pulse by direct method via a pulse 
velocity test device [18]. The dynamic 


modulus of elasticity is calculated 
according to the equation: 
V?-p-(1+v)(1-2v) 
E,qg = —————__ [Pa] 


(1-v) 


where V is ultrasonic pulse velocity in m/s, 
p is apparent density in kg/m‘, and v is the 
Poisson ratio (0.2 for concrete). 

After the compressive strength test (at 2 and 
28 days), pieces of concrete were taken for 
SEM analysis. They are immersed in 
isopropanol, washed by dietilether, and 
dried at 40°C. SEM analysis is performed on 
a microscope Tescan Mira 3 (20 keV). 

The flexural strength test was carried out on 
the beams according to the norm EN 12390- 
5 [19] at 2, 28, and 90 days. At the curing age 
of 28 days, water sorptivity was measured 
(ASTM (1585-13) [20], as well as density, 
permeable voids, and water absorption 
(ASTM C642-06) [21]. ASTM C642-06 was 
used to determine the total amount of water 
absorption and volume of permeable voids. 
The samples at age 28 days were placed in 
an oven at a temperature of 105 °C for 48 
hours and the oven-dry mass of each 
specimen was measured. After that, the 
saturated mass of samples was determined 
by immersing them in the water at 20 °C for 
72 hours. Finally, the saturated mass was 
determined by immersion in boiling water. 
Samples were covered with tap water and 
boiled for 5 hours. The water absorption and 


volume of voids were calculated using oven- 
dry mass, immersed apparent mass, and 
immersed and boiled saturated mass values. 
The rate of water absorption (sorptivity) was 
obtained by using the procedure described 
in ASTM C1585-13. The schematic procedure 
of the test is shown in Figure 1. 


Plastic sheet 


Sealing tape 


Figure 1. Schematic of the procedure in 
accordance with ASTM C 1585-13 


The test was conducted on the specimens of 
100x100x50 mm size after 28 days of curing. 
This test method consists of 
preconditioning samples, followed by 
exposing the bottom surface of the sample to 
liquid water and measuring the increase in 
mass resulting from water absorption. The 
samples were preconditioned using an oven 
able to maintain a temperature of 50+2 °C 
and a desiccator. The relative humidity is 
controlled in the desiccator at 80+0.5 % by a 
saturated solution of potassium bromide. All 
surfaces of the specimen except the top and 
bottom were sealed to prevent moisture 
ingress. Only the bottom surface of the 
sample was left exposed for water 
penetration. The samples were placed over 
the water and the level of the water was 
maintained at 2 + 1 mm. The change in 
weight after the certain intervals was 
recorded and the normalized absorbed fluid 
volume (i) was calculated as: 


: mt 

 @p) 
where mis the change in specimen mass at 
time t, ais the area of the specimen exposed 
to the fluid, and p is the density of the 
absorbed fluid water. Then, the calculated 
absorption value at each time is plotted 
against the square root of time (7) to 
investigate the slope of its linear trend, 
sorptivity. This index is determined in two 
stages; initial and secondary absorption due 
to the absorption time. The freeze-thaw 
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scaling resistance of concrete was tested in 
accordance with the norm CEN/TS 12390-9 
on samples cut from cubes 100°100°100 mm. 
The test cubes were cured for 28 days at 20 
°C in the water bath and were then exposed 
to conditioning under ambient conditions of 
20+2 °C and 65+5% relative humidity for 7 
days. Test samples were sawed from 
different samples of concrete cubes. A 3% 
de-icing salt solution was poured over the 
surface of the test sample before exposure. 
The liquid height was maintained at 3 mm 
throughout the test. Then, samples were 
exposed to freezing and thawing in the 
temperature range from -20 °C to +20 °C. 
After each 7, 28, and 56 cycles the scaled 
material was collected from the surface of 
each sample. This material was dried to 


160 


Slump (mm) 
8 


constant mass and weight to the nearest 0,1 
g. After that, the new quantity of 3% NaCl 
solution was placed on the sample surface, 
and samples were returned to the freezer. 
Scaled material is cumulatively added until 
56 cycles [7]. Photos of the upper surface of 
the samples were taken, and the mass 
losses were weighted on each sample after 
7, 28, and 56 cycles. 


3. RESULTS AND DISCUSSION 

The slump of fresh concrete mixes versus 
the amount of nS is presented in Figure 2. 
The data illustrates the direct relation 
between the nS amount and the workability 
of fresh concrete; with the addition of nS, the 
slump of fresh concrete decreases linearly. 


2 4 


% nS 


Figure 2. Slump of concrete mixes at different nS additions 


The slump reduction is explained by the fact 
that the specific surface area of nS particles 
is larger than that of cement, and it absorbs 
more water thus reducing the amount of 
water needed for the fluidity of the concrete 
mixture. These results are consistent with 
the majority of previous studies that 
reported a significant decrease in the 
workability of concrete containing nS 
[4,5,22,23]. However, some _ researchers 
claimed that only a mild reduction in 
workability is observed in _ concretes 
containing up to 3% of nS by weight [24,25]. 
To clarify the effect of nS addition to the 
concrete microstructure, an SEM analysis 
was carried out. The analyses were 
performed on concrete samples at the age of 
2 and 28 days and the micrographs are 
shown in Figure 3. It is evident from the 
images that the incorporation of nS 
densified the microstructure, and decreased 


the number, as well as the size of capillary 
pores, which is consistent with the 
remarkable reduction of sorptivity of nS 
containing concrete (Figure 3). This can be 
attributed to both the filling effect and the 
pozzolanic reactivity of nS particles [26]. 
Micrographs shown in Figure 3 reveal that 
the 4% dosage of nS had a stronger effect 
compared to the 2% dosage in refining the 
microstructure structure of the concrete. 
There was no observed agglomeration of nS 
particles, even at dosages of 4%. 

Porosity (volume of permeable voids) and 
water absorption of hardened concrete 
determined in accordance with ASTM C642- 
06 are presented in Figures 4a and 4b 
respectively. The measurements confirm 
that both porosity and water absorption of 
concrete decrease in the presence of nS in 
the concrete. 
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Figure 3. SEM images of concrete samples at different nS additions after 2 and 28 days of 


curing 
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Figure 4. Volume of permeable pores (a) and water absorption (b) of concrete at different nS 
additions 
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The volume of permeable voids is reduced 
by 5.8%, and 7.6% with the addition of 2%, 
and 4% nS, respectively. Also, water 
absorption is reduced for 5.5%, and 9.5% with 
addition of 2%, and 4% nS, respectively. The 
volume of permeable voids in concrete is 
affected by many factors’ including 
compaction, curing, air entrainment, etc. 
Also, aggregate properties have a great 
impact on the volume of permeable voids of 
concrete. According to Shaikh et al. [27] 


4,0 
0%NnS 


Initial 


absorption 


3,0 


Secondary 
absorption 


2,0 


1,0 


Intensity of cap. absorp. 
(mm?/mm2) 


0,0 
0 200 400 600 800 


Time’? (s*/) 


a) 


volume of permeable pores in concrete 
containing recycled coarse aggregate was 
not significantly influenced by nS addition. 
After the samples were conditioned for 18 
days (3 days in a desiccator and 15 days ina 
sealed container), the test was performed 
following ASTM C1585-13, with results 
provided in Figure 5a. Figure 5b shows the 
calculated initial sorptivity and secondary 
sorptivity. 
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Figure 5. Cumulative water absorption (a) and water absorption coefficient (b) of concrete at 
different nS additions 


Results shown in Figure 5 indicate that 
sorptivity values decrease with the addition 
of nS to concrete. However, the addition of 
4% of nS resulted in a much greater 
reduction of sorptivity than the addition of 
2% nS. The lower sorptivity is explained by 
the refinement of the cement paste 
microstructure in the capillary range. The 
use of nS tends to disconnect continuous 
pores and subdivide larger pores into 
smaller ones. This produces a structure with 
a finer pore, which exhibits lower transport 
properties [26,28,29]. Zhang et al. [30] also 
stated that the large capillary porosity 
decreased with the increased dosage of nS. 

The results of mechanical testing of 
hardened concrete are presented in Figures. 
6 and 7. Results given in Figure 6a show that 
nS addition leads to the increase of 
compressive strength at all tested periods. 
The increase of compressive strength with 


the addition 2% of nS is 9.3%, 2.1%, 9.6%, 15.6%, 
and 14.7%, at 2, 7, 28, 90, and 180 days, 
respectively. The addition 4% nS results in 
compressive strength increase for 10.8%, 
12.5%, 13.7%, 16.8%, 17.6% at 2, 7, 28, 90, and 180 
days, respectively. According to studies 
[25,30-32], a notable gain in compressive 
strength can be achieved with the addition 
of nS in concrete. Jalal et al. confirmed that 
2% nS in concrete increased compressive 
strengths by 22, 38, and 43% and 
respectively at 7, 28, and 90 days [25]. 
Studies by Elkady et al. [33] reported 43.5% 
gain in compressive strength at 3% nS 
dosage concrete at 28 days while 15 nS 
resulted in 17.5% strength gain compared 
with the control specimen. On the contrary, 
Quercia et al. [10] reported a lower increase 
in compressive strength with the addition of 
3.8% nS: 3.7% at 3 days, 10.8% at 28 days, and 
10.4% at 90 days. 
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Figure 7. Dynamic modulus of elasticity of concrete at different nS additions 
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Figure 8. Mass loss in freeze-thaw and de-icing test at different nS additions 
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Figure 9. The surface of the samples after exposure to freeze-thaw and de-icing test at 
different nS additions 


Flexural strength (Figure 6b) also increases 
with the increasing content of nS, with 
exception of results obtained at 2 days 
where is observed negligible loss in flexural 
strength in concrete mixes containing nS. 
The 28-day flexural strength is increased for 
7.9% (2% nS) and 9.0% (4% nS) and the 90-day 
flexural strength is increased for 11.2% (2% 
nS) and 12.4% (4% nS). The gain in flexural 
strength is lower compared to the studies 
[25,2634] and comparable to the gain 
reported in [35]. 

The influence of nS on the dynamic 
modulus of elasticity was also observed to 
be beneficial (Figure 7). The percentage 
increase of modulus is the highest in 


samples tested at 2 days (2.62% and 5.66% for 
nS content 2% and 4%, respectively), and 
decreased with the increased age of the 
samples. The slight increase in the elastic 
modulus of concrete with adding the nS 
particles up to 3% is also demonstrated in 
[35], while other studies [36,67] reported a 
higher increase in dynamic modulus in 
concrete containing nS. The improvement 
of mechanical properties of nS incorporated 
concrete can be explained by the increased 
formation of hydration product in the 
presence of nS particles, which act as a filler 
to increase the concrete density and an 
activating agent for cement hydration. In 
addition, nS possess high pozzolanic 
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activity even at an early age. As a result, the 
high-density CSH phase is formed that 
densifies the interface between the 
aggregates and the hardened cement, 
resulting in a stronger bond between them. 
Consequently, the strength development 
process is enhanced from the beginning of 
hydration, and long-term mechanical 
properties are improved as well [35, 37-40]. 
The average mass losses after 7, 28, and 56 
freeze-thaw cycles of concrete samples 
exposed to de-icing salt are presented in 
Figure 8. The figure indicates a slower rate 
of mass loss in mixtures containing nS in all 
testing periods. After the freeze-thaw cycle 
tests, the surface layers of the concrete 
specimens had different degrees of damage, 
as shown in Figure 9. The surfaces of 
specimens with 0% and 2% nS spalled off 
moderately after 28 cycles, while the surface 
of specimen containing 4% remains almost 
intact. After 56 cycles all samples suffered 
mild surface spalling. From the results 
shown in Figures 8 and 9 can be seen that 
the highest freeze-thaw and de-icing salt 
resistance is observed in _ concrete 
containing 4% nS. These results correspond 
to the results of the sorption test, as well as 
mechanical tests. The pore structure 
refinement in the capillary range is 
arguably the main reason for the 
improvement of the frost resistance of 
concrete incorporating nS. The findings of 
other studies also confirmed the positive 
effect of nS on concrete frost resistance [41- 
43]. 


4. CONCLUSIONS 

Based on the test results, it can be concluded 
that nS_ significantly modifies the 
consistency of fresh concrete, as well as the 
mechanical and durability properties of 
hardened concrete. The slump of fresh 
concrete decreases significantly with the 
addition of nS. The greater the nS content, 
the greater loss in the slump of fresh 
concrete mixes. A beneficial effect of nS on 
transport properties was observed by water 
absorption tests. The volume of permeable 
pores, water absorption, and sorptivity (rate 
of absorption) of concrete decreases with 
the addition of nS. The addition of nS 


resulted in a moderate increase in 
compressive strength, flexural strength, and 
dynamic modulus of elasticity for all curing 
ages. To achieve a higher increase in 
strength and modulus, certain mixture 
modifications that include higher dosages 
of superplasticizer are needed in concretes 
incorporated nS. SEM analysis showed that 
the microstructure’s homogeneity and 
density of concrete increase, as the content 
of nS increases. This refinement of the pore 
structure in the capillary range resulted in 
improving the frost resistance of concrete 
incorporating nS. The test results confirmed 
that the mass loss and surface damage after 
cycles of freeze-thaw in the presence of de- 
icing salt decrease as the dosage of nS in 
concrete increases 
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ABSTRACT 


Fly ash class F from Thermal Power Plant “Stanari” was used in combination with highly plastic 
brick clay from Busovaéa to develop building bricks. The brick clay and fly ash were characterized 
for chemical and mineralogical composition, grain size distribution, and specific gravity. The fly ash 
has a higher proportion of larger particles and lower specific gravity than clay. The brick clay was 
mixed with 20, 40, and 60 wt. % of fly ash, formed in a prismatic shape, dried and then fired at 800°, 
900°, and 1000 °C. The fired prisms were characterized for water absorption, apparent porosity, 
apparent density, and strength and compared with conventional clay prisms. The addition of fly ash 
of 20, 40, and 60% reduced the mass of the samples by 14, 23, and 31%, increased apparent porosity by 
60, 100, and 160%, and reduced the compressive strength by 50, 80 and 90%, respectively. Conducted 
tests and comparative studies have shown that the fly ash “Stanari” can be used as an additive to the 
clay “Cavka” in the maximum amount of 20 % and the optimum firing temperature is 900 °C. 
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1. INTRODUCTION 

Brick products belong to the oldest building 
materials. Clays, as the basic raw material 
for the production of brick products, are 
polymineral raw materials of sedimentary 
origin. During the production of brick 
products, huge amounts of natural raw 
materials are consumed, and this certainly 
has a negative impact on the environment. 
The technology for the production of brick 
products is constantly evolving, so in recent 
times, waste materials are used as a 
substitute for clay. These include fly ash, 
sawdust, paper residues, slag, rice husks, 
coffee grounds, cigarette butts, etc. [1-9]. 

Fly ash is produced as a by-product in 
thermal power plants during coal 
combustion and flue gas purification in 
electrostatic and bag filters. Disposal of fly 
ash in large fields pollutes the environment, 


and its use in the production of brick 
products, cement, concrete, geopolymers, 
and other building materials is very justified 
[10-12]. In the manufacture of bricks, fly ash 
can be used with clay as part replacement. 
The use of fly ash in the production of 
brick products is twofold regarding 
environmental protection. Firstly, the 
costs and consequences of fly ash disposal 
are reduced, and on the other hand, the 
consumption of raw materials for the 
production of bricks is reduced. Fly ashes 
can vary considerably in terms of chemical 
and mineral composition, color, as well as 
physical and morphological properties 
which depend upon many parameters such 
as coal quality, type of coal pulverization 
and combustion process, manner of ash 
collection, and disposal technique, etc. 
Concerning requirements of fly ash for brick 
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production, the chemical composition 
should be similar to ordinary brick clays — 
the silica content should be over 40%, 
aluminum oxide not less than 15%, iron 
oxide not less than 5%, and sulfide and 
soluble sulfite content should be 
insignificant. However, not all the clays and 
fly ashes are suitable for brick making. 
Many previously published studies [13-24] 
concluded that fly ash can be used as a 
partial replacement for clay in ceramic 
materials. Some of them [13,16,18,20-22,24] 
replaced clay with fly ash in a high ratio (up 
to 80 mas%). All research found that fly ash 
addition leads to a reduction in bulk density 
and an increase in porosity and water 
absorption. The positive effect of fly ash 
substitution was the reduction in mass 
[16,17,21,22]. However, when it comes to 
strength, the results differ significantly. 
Some of the researchers reported an 
increase in strength [13-17] while most noted 
a decrease in strength [18-23]. 

This paper contributes to solving the 
problem of large amounts of fly ash 
"Stanari” which has not found application in 
the cement or other industry. The purpose of 
this study is to evaluate the maximum 
quantity of incorporating this fly ash in clay 


2 al -- “ = he y 
Figure 1. Metal mold for prisms (left) and making and marking prisms (right) 


bricks made of high plastic clay “Cavka” to 
produce a masonry acceptable brick. Despite 
the multitude of papers related to this topic, 
the utilization of fly ash in the ceramic 
industry still has not reached its full 
potential. 


2. EXPERIMENTAL SETUP 


2.1. Materials and sample preparation 

The raw materials used in this investigation 
were clay from deposit “Cavka” situated 
near Busovaca and fly ash from Thermal 
Power Plant “Stanari” near Doboj in Central 
Bosnia and Herzegovina. The clay was 
crushed, dried at 100 + 5 °C, and sieved 
through the 1-mm sieve. Only for standard 
consistency and plasticity determination, 
clay was sieved through the 425-y1m sieve. 
The fly ash was also dried at 100 + 5 °C. The 
mixtures of clay with 0, 20, 40, and 60% fly 
ash were made. The mixtures were 
manually kneaded with tap water and the 
prisms with dimensions of 160x40x40 mm 
(Figure 1) were prepared by filling the metal 
mold. Marks and composition of samples, 
firing temperatures, and quantities of 
starting components are given in Table 1. 


Table 1. Markings and composition of samples, firing temperatures, and quantities of starting 


components 
Prism Firing temperature Flyashcontent Water content NEE 
anak (°c) (%) (%) Clay Fly ash Water 
(g) (g) (ml) 
I 0 19.78 1500 0 370 
Tao 300 20 26.83 1200 300 550 
Tao 40 30.69 840 560 620 
Ico 60 35.64 520 780 720 
II 0 19.78 1500 0 370 
TI20 900 20 26.83 1200 300 550 
Tla0 40 30.69 840 560 620 
Teo 60 35.64 520 780 720 
III 0 19.78 1500 0 370 
TIIz0 1000 20 26.83 1200 300 550 
TI]40 40 30.69 840 560 620 
Teo 60 35.64 520 780 720 
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The samples were air-dried for 3 days, 
followed by drying in an oven for 24 hours 
at 100 + 5 °C. The dried samples were then 
fired at 800°, 900°, and 1000 °C in an electric 


furnace according to the designed heating 
program shown in Figure 2. Firing 
temperatures and the heating program are 
similar to those of commercial clay bricks. 


—@®—Firing at 800°C —@—Firing at900°C —@®—Firing at 1000 °C 
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Figure 2. Heating program for the firing of samples 


2.2. Methods of characterization 

The chemical composition of clay was 
determined by the following procedures: 
loss of ignition (LOI) was determined by the 
gravimetric analysis after annealing at 
900°C; SiOz content was also determined by 
the gravimetric method, and the contents of 
Al20s, Fe203, Ti02, CaO, MgO, K.0, Na.O, and 
MnO were determined after the acidic 
dissolution at the Atomic Absorption 
Spectrophotometer (Perkin Elmer 3100), 
while P,0; was determined by photometry. 
Specific gravities of clay and fly ash were 
determined according to the standard EN 
993-2. 

Particle size distribution was determined 
by laser device Malvern Mastersizer 2000. 
The phase composition of the clay was 
investigated by X-ray diffraction analysis 
on a Shimadzu diffractometer XRD-6000 
with Cu Ka radiation, with accelerating 
voltages of 40 kV and current 30 mA, in the 
range of angles 2-80° 28 with a step 0.02° 
28 and a dwell time of 0.6 seconds. 
Differential thermal analysis (DTA) and 
thermogravimetric (TG) analysis were 
carried out on NETZSCH thermal analysis 
instrument STA 409 CD in a nitrogen 
atmosphere up to 1200 °C for clay and up to 
1000 °C for fly ash, with a heating rate of 20 
K/min. Microstructure property or fly ash 
was analyzed by using a scanning electron 
microscope MIRA 3 TESCAN. 


Standard consistency was determined 
using the Vicat apparatus. By adding 
different amounts of water, the pastes of 
different consistencies were prepared and 
tested to determine the penetration depth of 
the Vicat needle. A clay paste has a standard 
consistency if the Vicat needle penetrates 5 
minutes through a paste of 4 cm height [25]. 
Standard consistency was calculated by 
equation (1) and water content by equation 


(2). 


Standard consistency = —! 100(%) (J) 
2 


Water content = 2-100 (%) (2) 
m4 

where is: m, - mass of wet clay (g), m2 - mass 

of dry clay (g). 


Plasticity was determined by _ the 
Pfefferkorn plasticity tester. The cylinders 
were made in metal mold (@ = 30 mm, h = 40 
mm) with different amounts of water and 
impact on the Pfefferkorn device, where the 
heights after impaction were read off. The 
diagram of the dependence of the 
Pfefferkorn height and water content of the 
clay pastes was drawn. The coefficient of 
plasticity is the water content (calculated 
according to equation (2)) required to 
achieve a 30% to the initial height of a test 
body under the action of a standard mass, 
ie. height of 12.1 mm. The following types of 
clay are distinguished by the coefficient of 
plasticity: 
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13.8% - 16.7% —poorly plastic, 

16.7% - 20.0% -moderately plastic, 

20.0% — 23.1% ->good plastic and 

23.1% - 28.6% highly plastic [26]. 

The behavior of the mixtures during drying 
and firing was monitored through mass loss 
and shrinkage. The equations for mass loss 
and shrinkage determinations are: 


Mass loss = oat. 100 (%) (3) 
0 

Shrinkage = o 100 (%) (4) 
0 


where is: Go— mass of prism before thermal 
treatment (g), G - mass of prism after 
thermal treatment (g), So— dimension before 
thermal treatment (mm), S; - dimension 
after thermal treatment (mm). 

To saturate the open pore space the prisms 
were soaked in water to half of their height 
for 24 hours. After that, water is added to 
completely cover the samples and thus left 
for another 24 hours. The following 
equations were used to determine water 
absorption (WA), apparent porosity (F,), and 
apparent density ()): 


WA = "100 (%) (5) 
m4 

Pp, = =“. 100 (%) (6) 
m3-M2 

y= — + pw (5) (7) 
3 2 


where: m;— mass of dry prism (g), m2—- mass 
of saturated prism in water — hydrostatic 
weighing (g), ms;— mass of saturated prism 
in the air (g), 0,— water density (g/cm’). 
Compressive and flexural strength were 
determined according to the standard EN 
196-1. The images of crushed surfaces after 
testing flexural and compressive strength 
were taken by binocular light microscope 
OLYMPUS BX60M at a magnification of 200 
times. 


3. RESULTS AND DISCUSSION 


3.1. Chemical composition 

Table 2 presents the chemical composition 
and specific gravity of the clay “Cavka” and 
fly ash “Stanari” [27]. 


Table 2. Chemical composition and specific 
gravity of clay and fly ash 
Chemical composition 


Component (%) 
Clay Fly ash 
SiO, 54.1 54.81 
Al2Os 19.1 20.50 
Fe20s 10.2 7.92 
TiO2 15 1.41 
CaO 0.36 7.65 
MgO 2.82 2.20 
K20 3.51 0.825 
Na20 1.15 0.51 
MnO 0.14 - 
P20s 0.183 0.05 
SO3 - 2.11 
LOI 6.57 3.97 
Specific gravity 2748 25163 
(g/cm*) 


It can be observed that the examined clay 
contained SiO. and Al,0; in major quantities 
and is typical brick clay with higher content 
of Fe,.0; and a lower content of CaO. In 
accordance with the ASTM C618 standard 
fly ash “Stanari” belongs to class F because 
the total content of SiOz, Al,03, and Fe.03 is 
over 70%, SO3 is less than 5% and LOI is less 
than 6%. Its chemical composition is similar 
to clay and the silica content is over 40%, 
aluminum oxide not less than 15% and iron 
oxide not less than 5%. The clay has higher 
LOI and specific gravity than the fly ash. 


3.2. Particle size distribution 

The clay particle size distribution in Figure 
3 shows that this is a bimodal distribution, 
with the largest number of particles being 
between 1 and 100 pm. The poor presence of 
the particles smaller than 2 pm and the 
biggest number of the clay particles 
between 5 and 50 pm indicates that the 
investigated clay contains small quantities 
of clay minerals. The fly ash particle size 
distribution in Figure 4 shows that the ash 
particles are also found mainly between 1 
and 100 pm, but most of the particles are 
between 10 and 90 pm indicating that it has 
a higher proportion of larger particles than 
clay. 
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Particle Size Distribution 
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Figure 3. Particle size distribution of clay 
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Figure 4. Particle size distribution of fly ash 


3.3. Mineralogical composition 

Figure 5 shows that clay “Cavka” consists of 
the following minerals: quartz, illite, 
kaolinite, chlorite, and anorthite. The 
mineral composition of fly ash “Stanari” is 
as follows: quartz, olivine, garnet, 
corundum, and apatite. The most common 
mineral in the analyzed sample is quartz 
[27]. 

Figure 6 shows the changes that occur by 
heating the clay sample. The first two peaks 
on the differential thermogravimetric curve 
correspond to mass loss due to evaporation 
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of interlayer water in clay minerals and 
decomposition of iron hydroxide. The 
presence of illite, chlorite, and kaolinite is 
confirmed by mild endothermic change on 
the DTA curve and the main mass loss 
between 500° and 700 °C on the TG curve. A 
very weak exothermic peak at about 900 °C 
which belongs to the recrystallisation of 
spinel phase or mullite indicates that there 
is a low kaolinite content in clay. The total 
weight loss from 100° to 1000 °C of 6.77% 
agrees well with the LOI in the chemical 
analysis (6.57%). 
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Figure 5. The phase composition of clay “Cavka” 
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Figure 6. DTA/TG/DTG of clay “Cavka” 
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Figure 7. DTA/TG/DTG of fly ash “Stanari” 


In Figure 7 it can be seen that during the 
heat treatment of the fly ash there are three 
steps of mass loss. The first is the loss of 
water adsorbed on the surface of the 
particles. The second is the decomposition 
of the residual fuel at temperatures between 
400° and 500 °C and the third is the apatite 
[28] or garnet [29] decomposition. The mass 
loss from 200° to 1000 °C is 3.53% which also 
agrees well with the LOI in the chemical 
analysis (3.97%). It should be borne in mind 
that the LOI is determined by heating to 900 
°c and dwelling for 2 hours, while loss of 
mass in TG analysis is without dwelling at 
the final temperature. 


3.4. SEM analysis of fly ash 

The SEM images in Figure 8 show the 
availability of irregularly shaped particles 
and aggregates in fly ash. Some of these 
grains are very porous. This shape of the 
particles, with a much larger specific 
surface area compared to most ashes that 
have a lot of spherical particles, with 
additional porosity of some _ particles, 
explains the phenomenon of increasing the 
amount of water in the preparation of 
mixtures with fly ash (Table 1). Several other 
papers have reported an increase in the 
amount of water required to form mixtures 
of clay with fly ash [16,23]. 
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Figure 8. SEM images of fly ash (right image is enlarged part of the left image with porous 
gains) 


3.5. Standard consistency and plasticity 
The standard consistency for brick clays is 
usually 15 to 35%. The standard consistency 
of the tested clay is 24.18% which is within 
the limits for brick clays. The coefficient of 
plasticity of the clay "Cavka" is 26.95%, 
which means that the tested clay belongs to 
the highly plastic clays. 


3.6. Behavior during drying and firing 

Table 4 shows the results of the behavior of 
mixtures during drying. As the ash content 
increases, the mass loss on drying increases 
due to the evaporation of water added 
during molding (Table 1). The porous and 
absorbent nature of fly ash stabilizes the 
drying behavior of the clay by reducing the 
shrinkage on drying, despite the increase in 
water demand during molding. In clay 
without additives, the distance between the 
particles is reduced as water molecules 
leave the clay during the drying process so 
that the clay body undergoes significant 
shrinkage. On the other hand, clay mixtures 
containing fly ash lose water during drying, 
but a significant portion of that evaporating 
water is contained in the pores of the fly ash 
particles themselves. The addition of ash in 
the amount of 20, 40, and 60% reduces the 
shrinkage by 7, 40, and 45%, respectively. 
Reduction of shrinkage is a very favorable 
effect because it reduces the sensitivity of 


the mixture to drying and the possibility of 
cracking. 


Table 4. Mass loss and shrinkage on drying 


Fly ash content Mass loss Shrinkage 
(%) (%) (%) 
0 20.56 4.09 
20 27.37 3.82 
40 31.35 2.40 
60 35.69 2.24 


At the same time, it allows to increase the 
drying rate, reduce the drying time and save 
energy. 

Table 5 shows the results of mass loss and 
shrinkage during firing. The effect of fly ash 
addition to the clay indicates that the mass 
loss of all samples mixed with different 
concentrations of fly ash is decreasing with 
the increasing amount of fly ash because the 
ash has a smaller mass loss during firing 
than clay (LOI in Table 2). As the firing 
temperature of the samples increases, a 
gradual increase in mass loss is noticeable. 
With increasing ash content, the shrinkage 
is less, which is the same case as with 
drying. As the firing temperature increases, 
the shrinkage due to the sintering process 
increases. The total shrinkage during 
drying and firing is also significantly less in 
samples with fly ash compared to clay 
without the addition of ash. 
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Table 5. Mass loss and shrinkage on firing 


ee Firing temperature (°C) Mass loss (%) Shrinkage (%) Total shrinkage (%) 

I 5.61 3.50 7.59 
I20 5.12 2.01 5.83 
Tao aun 4.82 1.42 3.82 
Teo 4.44 1.23 3.47 
Il 5.92 4.50 8.59 
Ilz0 5.43 2.81 6.63 
TIao ae 5.00 2.11 451 
IIo 4.60 1.88 4.12 
I 6.00 5.50 9.59 
III20 5.8 3.02 6.84 
Tla0 me 5.84 2.76 5.16 
IIIeo 5.59 2.22 4.46 


Figure 9. The appearance of prisms after firing (left — firing at 800 °C, middle — firing at 900 
°C, right — firing at 1000 °C) 
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Figure 10. The masses of prisms after firing 


Figure 9 shows the appearance of prisms 
after firing, where even with the bare eye 
can see that the prisms with a higher 
addition of ash are larger, or that they have 
a smaller shrinkage. A reduced reddishness 
in color is noticed in prisms containing fly 
ash as compared to prisms without fly ash. 
The addition of ash in the amount of 20, 40, 


and 60% reduces the mass of prisms by 14, 
23, and 31%, respectively (Figure 10) because 
the specific gravity of the ash is less than 
the clay specific gravity. Further, fly ash 
usually contains unburned coal particles, 
but they are burned during the firing process 
and therefore, the product is lighter due to 
the formation of new pores. Some other 
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authors also reported a reduction in the 
mass of the samples with the addition of ash 
[16,18,22,23]. The reduction in the mass of 
bricks results in a great deal of savings to 


Table 6. Properties of fired samples 


results from the 
units during 
reduction on 


the consumer that 
increased number of 
transportation and _ load 
structural elements. 


Prism Firing temperature Water absorption Apparent porosity Apparent density 
mark (°C) (%) (%) (g/cm) 
I 18.0 31.2 1.73 
T20 29.4 42.4 144 
lao ou 37.4 48.4 1.26 
Teo 47.0 53.6 1.13 
II 15.24 27.4 1.79 
II20 900 26.7 39.9 148 
TLao 37.5 48.0 1.28 
Tleo 46.7 53.3 114 
Ill 8.34 16.8 2.00 
IIIz0 23.7 36.9 1.56 
III40 ee 35.7 46.7 1.30 
IITeo 45.5 52.5 1.15 


3.7. Properties of fired products 

Table 6 shows the results for water 
absorption, apparent porosity, and apparent 
density of the mixtures. There is a close 
relationship between porosity and water 
absorption and apparent density of bricks. 
Apparent density decreases and apparent 
porosity and water absorption increase with 
increasing ash content for these reasons: 

- lower specific density of fly ash 
compared to clay, 

- ahigher volume of prisms with fly ash 
due to less shrinkage during drying 
and firing, 

- a smaller mass of prisms with flying 
ash, 

- the porosity of fly ash itself, and 

- additional porosity due to combustion 
of unburned coal. 

As the firing temperature increases, the 
density of prisms increases, and porosity 
and water absorption decrease due to 
sintering processes which include 
vitrification. The vitreous phase penetrates 
pores and closes them. A lower density is 


generally reflected in better thermal 
insulation properties of the building 
ceramics. Fly ash addition increases 


significantly the porosity and water 
absorption of prisms, much more than in 
other studied cases. The addition of ash in 
the amount of 20, 40, and 60% to clay fired at 


800 °C increases the water absorption by 
about 60, 100, and 160%, respectively. This 
influence is even more pronounced in 
prisms fired at 900° and 1000 °C. Such a 
notable effect of ash on porosity and water 
absorption has been reported only in [17,30]. 
The peculiarity of this influence of “Stanari” 
fly ash is in the morphology of its particles 
(Figure 8). The maximum porosity reported 
in other papers is 40% and water absorption 
is 31% [15]. Such characteristics in this study 
show only prisms with 20% fly ash. 

The test results of flexural and compressive 
strength of fired samples are given in Figure 
11 and Figure 12, respectively. The strength 
of prisms decreases significantly as the 
amount of fly ash increases. This inverse 
relationship between compressive and 
flexural strength and fly ash content may be 
attributed to the rising volume of pores. It 
can also be observed that a significant 
increase in strength with increasing firing 
temperature is only in clay with 0 and 20% 
ash, while in clay with 40 and 60% ash firing 
temperature has a small effect. The 
reduction in compressive strength for the 
addition of ash in the amount of 20, 40 and 
60% is about 50, 80, and 90%, respectively. 
Significant reductions in strength with the 
addition of fly ash to clays were also 
recorded in the papers [18,20-23]. 
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Figure 11. Flexural strength of prisms 
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Figure 12. Compressive strength of prisms 


Domestic regulations allow the use of bricks 
with a minimum compressive strength of 
1.5 MPa for lightweight bricks, while for 
solid bricks this limit is 7.5 MPa. Prisms 
with 20% fly ash fired at 800°, 900°, and 
1000°C have compressive strengths of 7, 13, 
and 18.5 MPa, respectively. However, prisms 
with 40% fly ash also have higher 
compressive strengths than those shown in 


[13,14], but they do not have satisfactory 
water absorption. Prisms with 20% fly ash 
fired at 900 °C have satisfactory strength 
and water absorption. From the microscopic 
image in Figure 13, it is clear that the 
structure of the sample with 60% fly ash is 
more homogeneous, but with significantly 
more pores compared to the clay sample 
without the addition of fly ash. 


: a 


* . e a) 


Figure 13. Microphotograph of clay (left) and clay with 60% of fly ash (right) fired at 900 °C 
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4. CONCLUSION 

Fly ash has a very significant effect on the 
properties of the tested clay. It has a similar 
chemical composition to the clay but lower 
LOI and specific gravity. Its particles are 
slightly coarser than particles of clay. The 
particles of fly ash are of irregular shape 
with a larger surface area and a lot of 
porosity. For that reason, the mixes with fly 
ash demand higher quantities of water for 
forming. This further results in higher mass 
loss during drying. The favorable effect is a 
reduction in shrinkage on drying because 
particles of fly ash lose water without 
reducing distances between particles. 
Reduction of shrinkage reduces the 
sensitivity of the mixture to drying and the 
possibility of cracking, increases the drying 
rate, reduces the drying time, and saves 
energy. 

After the firing, the mass of samples with fly 
ash in the amount of 20, 40, and 60% are 
reduced by 14, 23, and 31%, respectively. This 
is also a favorable effect that results in 
savings concerning an increased number of 
units during transportation and load 
reduction on structural elements. 

Low specific density, high porosity, and low 
shrinkage of fly ash are the main reasons for 
apparent density decrease and apparent 
porosity and water absorption increase with 
increasing fly ash content in specimens. 
Samples fired at 800 °C have increased 
water absorption by about 60, 100, and 160% 
with the addition of fly ash in the amount of 
20, 40, and 60%, respectively. This influence 
is even more pronounced in samples fired at 
900° and 1000 °C. The increase in the firing 
temperature results in apparent density 
increase and porosity and water absorption 
decrease due to vitrification in sintering 
processes. However, only prisms with 20% 
fly ash have porosity and water absorption 
that do not significantly exceed the results 
obtained in other studies. 

It was observed that an increase in fly ash 
content leads to a reduction both in 
flexural and compressive strength. The 
reduction in compressive strength for the 
addition of ash in the amount of 20, 40 and 
60% is about 50, 80, and 90%, respectively. 
The effect of fly ash content on strength is 
more significant than the effect of firing 


temperature. Samples with 20 and 40% fly 
ash have satisfactory strengths, but only 
samples with 20% fly ash also satisfy water 
absorption. 

Based on the test results, it can be 
recommended that the tested fly ash can be 
used in the maximum amount of 20% and 
the optimum firing temperature is 900 °C. 
The use of fly ash as an additive to brick 
clays improves certain properties of the 
samples like thermal insulation, reduces 
shrinkage and mass, etc. It is worth 
mentioning that fly ash belongs to the group 
of waste materials, so its utilization in larger 
quantities would be beneficial to resolving 
the environmental problem of its disposal 
and preserving the natural clay resources. 
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ABSTRACT 


Austenitic stainless steel is mostly used at high temperatures. It is known that during heating of the 
austenitic stainless steel with increasing temperature and time of annealing a microstructure is changed 
ie. there is the precipitation of carbides followed by precipitation of secondary phases as a sigma phase. 
The presence of the delta ferrite in austenitic stainless steel enhances the formation of the sigma phase. 
This study represents the influence of delta ferrite on the sigma phase formation and the effect of the 
sigma phase on general corrosion. Corrosion tests were conducted in the corrosion cell according to 
Standard ASTM G5, on instrument potentiostat/galvanostat, Princeton Applied Research, model 263A-2, 
with the software PowerCORR® (Standard, ASTM G5-94), Examinations were carried out in 1% HCl and 
10% FeCls solutions. Tafel extrapolation method was used for the investigation of general corrosion. The 
results of corrosion testing indicated that the intensity of the general corrosion increases with the 


increase of the delta ferrite and sigma phase contents. 
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1. INTRODUCTION 

Austenitic stainless steels are widely used in 
all industry sectors (transport, food, chemical, 
building industry, etc.) owing to their good 
mechanical properties (strength and 
toughness at elevated and room temperature) 
and corrosion resistance. The austenitic types 
of stainless steel have different chemical 
compositions and properties but the common 
characteristic is austenite microstructure 
which is stable at room _ temperature. 
Depending on the chemical composition of 
austenitic steel, it is possible to find the 
presence of other phases in the austenite 
matrix called delta ferrite. The alphagenic 
elements (Cr, Si, Ti, Al, Mo, V, Nb, and W) 
stabilize and support the formation of the 
delta ferrite [1-3]. The effects of the delta ferrite 


on the corrosion resistance of the austenitic 
stainless steels are not yet clearly understood. 
However, the effect of the delta ferrite on 
corrosion resistance of the austenitic 
stainless steel is usually explained by the 
formation of Cr depleted zone, low 
concentrations of Cr and Mo in the austenite 
phase, precipitation of a sigma phase, and 
segregation of sulfur or phosphorus along 
with the 6/y interface [3-6]. 

The microstructure of austenitic stainless 
steel is monophasic ie. austenitic and it is 
stable at room temperature, but with heating 
(usually about 500 °C) the microstructure 
becomes unstable. Since austenitic stainless 
steels are commonly employed in high- 
temperature regions, it is important to study 
the microstructure stability because it 
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influences on properties of these steel, 
especially mechanical and_ corrosion 
properties. During annealing or welding of 
these steels, the precipitation of the carbides 
(Mo3Ce, MC, McC, and M/C;) occurs firstly and 
is followed by precipitation of other 
intermetallic phases (o, x, n, G, R, and other 
phases). The presence of the delta ferrite in 
austenitic stainless steel promotes the 
precipitation of secondary phases, 
particularly carbides and sigma phases [7,8]. 

There are several techniques for testing of 
corrosion behavior of the austenitic stainless 
steels in different media, but the 


electrochemical cyclic polarization technique 
and potentiodynamic measurements in 
chloride-containing media are mostly used. 


2. MATERIALS AND METHODS 

This work aims to investigate the effect of 
delta ferrite on the formation of the sigma 
phase and also the effect of the sigma phase 
on general corrosion. Two types of samples 
were used for this testing, the sample with 
10.38% delta ferrite and a sample with 0.10% 
delta ferrite. The chemical composition and 
the delta ferrite content of tested samples are 
given in Table 1. 


Table 1. Chemical composition and the delta ferrite content of tested samples [11] 


Chemical composition, wt % 


Delta ferrite, % 


Sample 


: ’ Initial Annealed at 
Cc Si Mn Cr Ni N P S erate 750°C 
1692 0.04 4.41 7.4 18.0 8.1 0.183 0.007 0.005 10.38 0.94 
1720 0.05 3.9 9.0 16.0 8.7 0.179 0.007 0.006 0.10 0.00 


According to previous research, increasing 
the content of delta ferrite increases the rate 
of sigma phase precipitation during annealing 
at high temperatures [9-11]. 

Testing of general corrosion resistance was 
performed in 1% HCl and 10% FeCl; solution. 
Samples were taken from the rod with 10.38% 
(1692) and 0.10% (1720) delta ferrite and tested 
in the solution annealed state (1030 °C/60 
minutes/water). After that, the solution 
annealed samples were again annealed at 750 
°C for 30 minutes and air-cooled. 

The aim of this annealing was the 
decomposition of the delta ferrite and 
precipitation of the sigma phases and 
carbides 

The delta ferrite content was determined 
using the magnetic induction method by 
Feritscope MP 30E-S probe EGAB 1.3 Fe. 
Microstructures of the initial state of samples 
are presented in Figures 1 and 2. The 
metallographic examination was performed 
on Olympus optical microscope with max. 
magnification of 1000x, but the most 
representative figures of microstructure were 
at a magnification of 500x, which is 
highlighted in this work. Murakami’s (10 g 
K;Fe(CN)., 10 g NaOH and 100 mL H,0) and 


Kalling's (100 mL HCl, 5 g CuCl, and 100 mL 
C.H;OH) reagents were used for etching. 
Murakami’s reagent at room temperature was 
used for the identification of carbides while 
heated at 100 °C was used for identification of 
the delta ferrite and sigma phase. Murakami’s 
reagent at high temperature (90-100 °C) 
colored the delta ferrite in brown and the 
sigma phase in blue. Kalling's reagent was 
used for the identification of the delta ferrite. 
The microstructure of sample 1692 at room 
temperature is austenitic with the delta ferrite 
stringers elongated in the rolling direction. 
After annealing at 750 °C for 30 minutes, delta 
ferrite, sigma phase, and carbides were 
present in the austenitic microstructure. From 
Table 1, it can be seen that the content of delta 
ferrite decreased after annealing at 750 °C for 
sample 1692. The delta ferrite decomposed 
into the carbides, secondary austenite, and 
sigma phase. The carbides precipitation at the 
austenitic grain boundary was observed too. 
The microstructure of the 1720 sample is 
austenitic at room temperature but the 
carbides precipitation at the austenitic grain 
boundary after annealing at 750 °C for 30 
minutes has occurred. 
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Figure 1. Microstructure of sample 1692: a) solution annealed state and b) annealed at 750 °C 
for 30 minutes, Murakami’s reagent, x500 [11] 
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Figure 2. Microstructure of sample 1720: a) solution annealed state and b) annealed at 750 °C 
for 30 minutes, Murakami’s reagent, x500 [11] 


Figure 3. Representation of the corrosion testing equipment: a) potentiostat/galvanostat, PAR, 
model 263A-2; b) corrosion cell with electrodes. 


Corrosion tests were carried out in the 
corrosion cell according to Standard ASTM 


G5, on instrument potentiostat/galvanostat, 


Princeton Applied Research, model 263A-2, 
with the software PowerCORR® (Standard, 


ASTM G5-94), Figure 3. The investigation was 
performed in 10% FeCl; and 1% HCl solution. 
Tafel extrapolation method was used for 
general corrosion examinations. This method 
implies scanning of working electrode 
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potential on the order of + 250 mV in relation 
to its Open Circuit Potential (Eocr), at the speed 
of 0.2 mVs". 

Tests were conducted at room temperature, 
20+1 °C. A standard three-electrode corrosion 
cell was used. The working electrode was 
tested austenitic stainless steel in the form of 
a disk embedded into a holder and exposed to 
the area of A = 113.1 mm. A saturated calomel 
electrode (SCE) as the reference electrode with 
a constant potential (0.2415 V) and two 
graphite rods as counter electrodes were used. 
The potential was measured versus the 
reference electrode. 


3. RESULTS AND DISCUSSION 

The results of general corrosion tests of 
investigated austenitic stainless steels are 
given in Figures 4 and 5 and Table 2. Figures 
4 and 5 as well as Table 2 show the values of 
open circuit potential (Eocp), corrosion current 
density (ic), and corrosion rate (Wor) 
samples of stainless steels treated in solutions 
of 1% HCI and 10% FeCls. The corrosion current 
density is a key factor for rating the corrosion 
rate while the open circuit potential is a more 
qualitative indicator of the corrosion process. 
Sometimes, it could be a general indicator of 
the corrosion rate. 


By the testing of samples in 1% HCl solution, 
considering that the corrosion current density 
is proportional to the corrosion rate, the 
lowest value of current density was noticed 
for the melt 1720 in an initial state, so its 
corrosion rate was the lowest (3.712 
mm/year). 

The open-circuit potential, Eocp (I=0) is 
qualitatively estimated as _ corrosion 
resistance. This melt also has the most 
positive Eocp value, and thus the highest 
resistance to general corrosion. 
Metallographic analysis showed that melt 
1720 in the initial state after solution 
annealing has 0.10% delta ferrite, and after 
additional annealing, the delta ferrite content 
is zero, while the presence of carbides was 
observed. 

After treatment in 10% FeCl; medium, a lower 
value of current density was also recorded, 
and thus the corrosion rate for 1720 melt 
(initial state) in comparison to the same melt 
in the annealed state. 

The highest corrosion rate was detected on 
the samples of melt 1692 after accomplished 
heat treatment regimes and treatments in 1% 
HCI solution and 10% FeCl; solution, which 
indicates a higher tendency for general 
corrosion. 


Table 2. The values of open circuit potential, corrosion current density, and corrosion rate 


Samples Eocp (I=0) [mV] icorr. [UA/cm?] Veorr. [tam/year] 
1692p” 1% HCl -468.018 1.625-10° 1.888-10! 
1692z”) 1% HCl -482.183 1.521:10° 1.766-10! 
1720p 1% HCl -452.303 3.197-102 3.712 
1720z 1% HCl -457.481 5.014-102 5.822 
1692p 10% FeCl -1186 8.320-10 9.662-10! 
1692z 10% FeCls -111.54 1.264-104 1.468:102 
1720p 10% FeCl -33.92 3.435-10 3.989-10! 
1720z 10% FeCls -105.824 7.408-10° 8.603-10! 


)p-solution annealed state (1030 °C/1 h/water) 


27-solution annealed state (1030 °C/1 h/water) and annealed state (750 °C/30 '/air) 
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Figure 4. Polarization curves determined by the Tafel extrapolation method after treatment in 
1% solution of HCl, 1692 and 1720 melts - initial and annealed state. 
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Figure 5. Polarization curves obtained by Tafel extrapolation method after treating in 10% 
solution of FeCls, 1692 and 1720 melts - initial and annealed state. 


4. CONCLUSIONS 

In this work, the influence of delta ferrite on 
the sigma phase formation as well as the 
effect of the sigma phase on general corrosion 
are presented. From the results and analysis, 
it could be concluded as follows: 


A greater tendency for general corrosion 
was observed in the samples of melt 1692 
with higher content of delta ferrite after 
performing heat treatment regimes and 
exposure to appropriate media. 


The melt 1720 with lower delta ferrite 
content in the initial state as well as 
without the precipitated sigma phase in 
the annealed state showed a _ better 
corrosion resistance. 


Microstructural changes identified by 
metallographic analysis after annealing at 
750 °C, as well as testing in a very 
aggressive medium (10% FeCls), were 
affected by considerably worse results of 
the general corrosion resistance tests in 
the case of melt 1692 compared to the 
initial, ie. solution annealed state. 
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ABSTRACT 


Due to the fast process of urbanization and the increase in the development of transport infrastructure, 
there is an increase in noise levels caused by road and railway traffic in urban areas, which represents 
one of the most important today's problems. The goal of this paper is to find out the current noise levels 
of road and railway traffic. Measuring road traffic noise levels in the area of the city of Zenica and the 
railway traffic noise in the vicinity of the Railway Station in Kakanj has been done. In the end, the 
analysis of the obtained results and comparisons with the values regulated by the law as allowed values 
were performed. Noise level maps were also plotted as one of the contributions to solving the problem 


of environmental noise. 
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1. INTRODUCTION 

When the term "the noise” is used, in most 
cases there was a reaction from people as if it 
was some normal phenomenon, but in 
essence, it is an important environmental 
problem [1]. 

The term noise refers to urban environments 
where people are exposed to various noises 
every day. In today's urban environment, the 
worst noise pollution comes from external 
sources such as road and rail traffic noise. 
Knowledge of the noise levels’ peak values in 
a particular area is very important for taking 
some actions for preventing or reducing 
harmful effects on human health. In addition 
to air, water, and soil pollutants, noise is also 
a great enemy of man. If a person was 
exposed for a longer time to noise levels 
higher than 90 dB it may cause serious health 
problems [1]. 

Road traffic noise is the largest source of 
environmental noise (about 90% of the 
population is affected by noise levels greater 


than 65 dB(A)). The impact of rail traffic noise 
is also not negligible (about 1.7% of the 
population is affected by noise levels greater 
than 65 dB(A)) [2], especially in densely 
populated areas through which railways 
pass. Noise from railway traffic bothers 
people less than road noise, because although 
it is stronger, it lasts for a short time, during 
the passage of trains in the timetable. That’s 
about 20% of the total time. 

The first part of this paper contains 
information about road and rail traffic noise 
as one of the most common noise sources in 
the environment. The basic concepts are 
explained and an overview of how the 
participation of different types of vehicles in 
traffic contributes to different noise levels is 
given. The second part consists of legislation 
that prescribes how noise measurement 
must be performed. The devices used in this 
experiment for the noise measurement are 
calibrated sound level meter Bruel&Kjaer 
Type 2250 with installed software BZ 5504 
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and one mobile device with installed free 
and open-source mobile application 
NoiseCapture. Devices used for this purpose 
primarily use system software that allows 
the device to manage its’ resources. 
Application software that deals with the 
implementation of specific tasks will also be 
considered. In the last part, selected points for 
the road and rail traffic noise measuring were 
described. 

The third part contains a _ detailed 
presentation of performed measurements 
and an analysis of the obtained results. 
Besides the measurement results, a display of 
a noise map for both road and rail traffic was 
presented, leading to a good insight into the 
current noise levels. The chapter is closed by 
conclusions for answering the questions 
such as: whether the measured noise levels 
are within the allowable limits, whether the 


hardware, as well as the software of the 
expensive sound level meter, is better and 
more reliable than the mobile device 
hardware and software. In the end, some 
ideas to eliminate this very important 
problem were proposed. 


2. THE NOISE OF ROAD AND RAIL TRAFFIC 
Noise defines as any undesirable and 
unpleasant sound that endangers human 
health and hearing in many ways [3]. 
Although not always the only cause of 
citizens' complaints, road traffic is the 
dominant noise source in the urban 
environment. The general rule that applies to 
all types of traffic is: heavier vehicles are 
noisier than smaller and lighter ones. It is 
known that the greater the traffic frequency 
of cars or trucks on the road, the greater the 
noise level will be, as shown in Figure 1. 


Figure 1. Noise increases by 3dB for each doubling of traffic 


The automobile moving at an average speed 
of 105 km/h produces twice the noise level of 
one moving at 50 km/h [3]. One heavy truck 
moving at 70 km/h produces a noise level like 
28 individual vehicles [3]. Also, the noise 
depends on the topography of the terrain, 
meteorological conditions, and, background 
noise. Among the most significant noise 
sources of rail traffic are [4]: 
1. The locomotive and_= sail 
propulsion system; 
2. The interaction of wagon wheels, 
locomotives, and rail vehicles with rails; 
3. The braking process; 


vehicles 


4. The additional equipment such as the 
ventilation, sirens, air conditioning, and 
heating; 

5. Aerodynamic noise, especially in trains 
moving at high speeds. 

Rail traffic requires three times less land area 

with the approximately same load (cargo). 

Road traffic has the greatest need for land 

area per person transported. Road traffic 

requires an average of 84.5 m? of land area per 

person, while rail traffic only requires 8.9 m?. 

The high-speed city railway occupying 5.0 m? 

can replace a sixteen-lane road with a width 
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of 55 m which speaks in favor of significantly 
rational savings in railway space [5]. 

It should be also noted the significant savings 
brought by rail traffic, both from the 
economic and environmental protection 
aspect compared to road traffic. 


3. REGULATIONS AND LEGISLATION FOR 
NOISE 

In the territory of the Federation of Bosnia 
and Herzegovina, there is a law regulating the 
noise, and that is the Law on Noise Protection 
(“Sluzbene novine FBIH”, No. 110/12) and the 
Law on Noise Protection (“Sluzbene novine 
ZDK”, No. 1/14). The Law consists of general 
provisions, the highest allowed noise level in 
dBA (decibel A-scale), protection measures, 
including chapters on measurement, 


monitoring, supervision, and penal 
provisions [6]. The Law does not follow the 
structure of the Environmental Noise 
Assessment and Management Directive 
(Directive 2002/49/EC) and, does not provide 
an adequate legal framework for its 
transposition into the legal system of the 
Federation of Bosnia and Herzegovina. 

Noise protection should be day and night. In 
terms of this Law, the day lasts from 06 to 22 
hours and the night from 22 to 06 hours [6]. 
The following tables (Table 1 and Table 2) 
show the permitted noise levels depending 
on the purpose of the area where the 
measurement is performed and _ the 
correction of the measured noise level before 
comparison with the permitted values. 


Table 1. Permitted external noise level for planning new facilities or noise sources [7] 


The greatest permitted 
level (dBA) 
Area 
Purpose of the area ; Peak 
(zone) Equivalent Leq! 
level 
day __ night L? 
I Hospital-spa 45 40 60 
II Tourist, recreational, recovery 50 40 65 
Pure residential, educational and health institutions, public 
Ill ; 55 45 70 
green and recreational areas 
Commercial, business, residential, and residential along traffic 
IV . ; 60 50 75 
corridors, warehouses without heavy transport 
Vv Business, administrative, trade-craft, service (communal 65 60 80 
service) 
VI Combined - industrial, storage, service, and traffic area ina 65 55 80 
residential area 
VII Industrial, storage, service, and traffic area without housing 70 70 85 


1Leqgis the mean energy value of noise of variable level equivalent to continuous level noise measured for at least 15 
minutes in the periods from 06 to 22 hours (day) or from 22 to 06 hours (at night) [6] 
2L, indicates the noise level that is exceeded 1% of the time and the shortest period measurement is 15 minutes [6] 


Table 2. Correction of the measured noise 
levels before comparison with the permitted 
levels from table 1 [7] 


Influencing Correction Correction 
factors for Leq(dBA) for Li(dBA) 
Aircraft noise -5 -10 
Railway noise 5 Impulse 
Impulse noise +5 +10 
Prominent tones +5 +5 


4. RESEARCH METHODS 


4.1. Noise measurement devices 

One of the goals of this paper is to analyze and 
compare the obtained results of measured 
noise using a sound level meter and 


application for noise measurement on a 
smartphone. For the experiments, 
Brulel&Kjaer Type 2250 sound level meter is 
used, shown in Figure 2, with its integrated 
software and software BZ-5503 that comes 
with the device and is used to facilitate data 
processing. For comparison of the obtained 
results, a free mobile application 
(NoiseCapture) available on the Google Play 
platform is used. 

A sound level meter is designed to measure 
sound levels in a standardized manner [8]. It 
consists of a microphone, preamplifier, 
processor, and, a reading unit. The 
microphone converts the sound signal into 
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an equivalent electrical signal. The electrical 
signal generated by the microphone is low, so 
it must be amplified before processing by the 
processor [8]. NoiseCapture is a free 
application for android which allows users to 


Figure 2. H and-held Analyzer Type 2250 [8] 


4.2. Measurement of road and rail traffic 
noise 

One of the first steps in measuring road and 
rail noise is to select measurement locations. 
For measuring road traffic noise, the 
measurement was. performed at _ six 
measuring points in the area of the city of 
Zenica (Table 3 and Figure 4). Measurement 
of rail traffic noise was performed at thirteen 
locations near the Railway Station in Kakanj 
(Table 4 and Figure 5). Nine measurements 
refer to the noise level during the arrival of 
the freight or passenger train at the station. 
Measuring points for road traffic has been 
chosen in such a way as to encompass one 
closed circle showing locations with higher 
and low traffic frequency. 

The passengers and cargo vehicles frequency 
was monitored at the measuring points of 
road traffic. Measurements at the locations 
Travnicka Street, and Fakultetska Street, 
Zenica was performed using a sound level 


measure and share data (Google Play on the 
mobile phone Samsung A2ls). This 
application currently has more than one 
hundred thousand downloads. The logo of 
the application is shown in Figure 3. 


Figure 3. Logo of NoiseCapture application 


[9] 


meter Brulel&Kjaer Type 2250 and a mobile 
phone Samsung Galaxy A21S. 


Table 3. Locations of measuring points of 
road traffic in the area of the City of Zenica 
Measuring Name of the 


: Label i 

point location 
1 MM1 __ Travnicka Street 
2 MM2_sFakultetska Street 
3 MM3__Fakultetska Street 
4 MM4 | Sarajevska Street 
5 MMS5__ Zacarina Street 
6 MM6 ZAVNOBIiH Street 


Based on the values obtained from the 
measurements at these locations, the final 
value of the deviation from the mobile noise 
meter and Bruiel&Kjaer can be taken, and 
based on that, the possibility of measuring at 
several locations using a mobile phone was 
created. 
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Figure 4. Display of measuring points in the area of the City of Zenica 


Table 4. Locations of measuring points of road traffic in the area of the Railway Station in Kakanj 
Meee ee Label Baise Measurement location description 
point map 
Map Measuring 3 m from the railway while the freight train is 
No.1 stopping at the station 


Map Measuring approx. 200 m outside the station, 3 m along the 


1 MMI 


- ae No.1 railway when the train reaches a certain speed. 

Map Measuring in front of a residential building (40 m from the 
3 MM3 : : : ae f 

No.1 railway) while freight train is stopping. 

Map Measuring 3 m from the railway at the station when the train 
4 MM4 ; ; 

No.2 is not passing 

Map Measuring in front of a residential building (40 m from the 
5 MM5 : a ; 

No.2 railway) when the train is not passing 

Map Measuring approx. 200m outside the station, 3 m along the 
6 MM6 . fee ; 

No.2 railway when the train is not passing 

Map Measuring in front of a residential building (40 m from the 
7 MM7 : ; fe : 

No.1 railway) when a freight train is passing. 

Map Measuring approx. 150m outside the station, 3 m along the 
8 MM8 . . : 

No.1 railway when the train reaches a certain speed 

Map Measuring approx. 70m outside the station, 3 m along the 
9 MM9 : : : 

No.1 railway when the train reaches a certain speed 

Map Measuring in front of a residential building (40 m from the 
10 MM10 ; er é 

No.2 railway) when the train is not passing 

Map Measuring approx. 80 m outside the station, 3 m along the 
ll MMI11 : f ‘ 

No.1 railway when the train reaches a certain speed 

Map Measuring approx. 150 m outside the station, 3 m along the 
12 MM12 : ; . 

No.1 railway when the train reaches a certain speed 
13 MMI13 Map Measuring in front of a residential building (40 m from the 


No.1 railway) when a freight train is passing 


*Map No.1 reffers to the Figure 9 
*Map No.2 reffers to the Figure 10 


The remaining measuring points were show different results. It depends on the 
measured just using the mobile phone quality and sensibility of the microphone 
application NoiseCapture. contained inside the mobile phone. The first 
The mobile phone model was used for the measurement refers to the railway during the 
described conditions, which means that train stop when there is a large creak of 
every other model of the mobile phone will wheels in contact with the railway. 
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1 aaa 
Figure 5. Me assuring points display in the area of the Railway Station in Kakanj 


The second measurements group is from the 
locations at a certain distance from the 
station when the train reaches a certain 
speed which eliminates the creak of the 
wheels and the siren sound that is 
characteristic of the train arrival. The third 
measurements group is performed in a 
populated area 40 m from the station (train 
stopping or passing through the station). One 
measurement was performed during the 
night when allowed noise levels were 
slightly less than during the day. 

The remaining four measurements refer to 
the noise levels when there is no train traffic 
(approximately 80% of the total time). Two of 
them along the railway during the day, and 


the remaining two in front of the residential 
building 40 m from the station (one in the day 
and the other at the night). 


5. RESULTS AND ANALYSIS OF RESULTS 


5.1. Results of traffic noise measurements 
The results for the first two measuring points 
were measured using a sound level meter 
Bruiel&Kjaer Type 2250 and marked as MMI1* 
and MM2%*, while the other measurements 
were performed using the NoiseCapture 
mobile application, as shown in Table 5. It is 
important to note that all measurements 
were performed in 15 minutes. 


Table 5. Road traffic measurements result using Brilel&Kjaer Type 2250 and NoiseCapture 


(Zenica) 
Measuring Traffic frequency Measured values 

MM time Passenger Cargo Laeq! Lepeak” Larmax? LaFmin* Larso® 
interval vehicles vehicles [dB] [dB] [dB] [dB] [dB] 

MM1* 10:17 - 10:32 210 2 64.5 96.3 82.2 47.0 54.2 
MM2* 10:38 - 10:53 95 3 61.0 97.5 79.4 46.3 52.6 
MM1 10:17 - 10:32 210 2 63.0 / 75.2 44.3 50.5 
MM2 10:38 - 10:53 95 3 58.2 / 72.6 43.8 49.3 
MM3 11:06 - 11:21 295 7 65.1 / 79.8 52.8 57.5 
MM4 14:55 - 15:10 475 1 71.0 / 83.8 57.7 62.8 
MM5 15:15 - 15:30 6 0 55.8 / 72.9 45.9 47.9 
MM6 15:43 - 15:58 192 3 64.9 / 86.7 46.8 52.6 


1Laeq is the ‘A-weighted Leq sound level [10] 


?Lcpeak is the peak sound pressure level with 'C' frequency weighting [10]. 
3Larmax is the maximum sound level with ‘A’ frequency weighting and fast Time weighting during the measurement 


period [10]. 


4Larmin is the minimum sound level measured with ‘A’ frequency weighting and fast time weighting during the 


measurement period [10]. 


5Largois the noise level exceeded for 90% of the measurement period with ‘A’ frequency weighting calculated by statistical 
analysis from samples of the fast time-weighted sound level [10]. 
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After analyzing the measurement results 
from two locations Travnicka Street (MM1) 
and Fakultetska Street, Zenica (MM2), 
measured by the sound level meter and 
mobile application, the results are 
surprisingly similar. The light wind was 
present during the measurement which may 
affect the quality of the measured values. 
Other meteorological conditions were 
consistent that making the measured values 
credible [11]. However, even under these 
conditions, the mobile phone with the free 
NoiseCapture application performed well. 
The results were lower only 15 dB at the 
MMI, and 2.8 dB at the MM2, with a value of 
a mean difference of 2.2 dB. 

Based on the parameter LAeq (road traffic 
noise levels) in the daytime at six locations in 
the City of Zenica, as shown in Table 5, and 


according to the Law on Noise Protection of 
Zenica-Doboj Canton, a comparison between 
permitted and measured values of LAeq, was 
performed. In Figure 6 the measuring points 
MM1, MM2, MM3, and MM5Bare the areas that 
belong to the zone with limit values of 55 dB, 
while the measuring points MM4 and MM6 
are the areas with limit values of 65 dB. Based 
on a comparison between the sound level 
meter and application, in Figure 6 are 
displayed values as measured by Bruel&Kjaer, 
ie., obtained measured values’ using 
application NoiseCaptured for measuring 
points MM3, MM4, MM5, and MM6 increased 
by 2.2 dB. 

The results of measurements for railway 
traffic noise were obtained by using the 
mobile application NoiseCapture (Table 6). 


Brulel&Kjaer 


80 


MM1 MM2 MM3 
Leq measured 


73,2 
66,1 


MM4 MM5 MM6 
o=——=eq permitted 


Figure 6. Deviations graph of measured and permitted values of Leq [dB] using Bruiel&Kjaer for 
road traffic 
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Figure 7. Deviations graph of measured and permitted values Le, [dB] using NoiseCapture for 
railway traffic 
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Table 6. Results of railway traffic measurements using the NoiseCapture mobile application 


(Kakanj) 
: : Measured values 

Meastuing Fan of Laeq Larmax LaFmin Laroo Larsoi! Lario” 
point measuring [dB] [dB] [dB] [dB] [dB] [dB] 
MM1 10:13 - 10:28 73.0 91.9 A1.3 43.8 A6.2 55.1 
MM2 13:45 - 14:00 60.3 775 40.6 46.2 51.3 61.0 
MM3* 22:30 - 22:45 71.1 88.1 35.7 40.4 46.4 58.4 
MM4 15:24 - 15:39 51.3 66.5 38.0 A2.8 48.3 52.3 
MM5* 22:52 - 23:07 46.2 63.7 33.2 36.3 40.9 A8.2 
MM6 16:04 — 16:19 A475 57.5 24.7 31.2 40.3 51.1 
MM7 16:45 — 17:00 62.1 86.2 23.6 40.8 46.9 57.2 
MM8 17:02 — 17:17 68.1 85.0 32.6 45.9 55.7 69.8 
MM9 15:41 — 15:56 69.6 84.9 25.5 45.4 52.4 74.5 
MM10 16:17 — 16:32 40.6 62.9 22.4 27.1 37.8 41.9 
MMI11 13:51 — 14:06 71.2 87.5 37.9 43.8 55.1 74.7 
MM12 15:34 — 15:49 66.1 83.3 22.0 44.2 55.1 66.6 
MM13 16:53 - 17:08 67.2 82.2 25.3 43.5 52.9 72.2 


*-measurement obtained during the night period, 


1Larso is the noise level exceeded for 50% of the measurement period with ‘A’ frequency weighting calculated by 
statistical analysis from samples of the fast time-weighted sound level [10]. 
Lario is the noise level exceeded for 10% of the measurement period with ‘A’ frequency weighting calculated by 
statistical analysis from samples of the fast time-weighted sound level [10]. 


The measurement results at MM3 (night- 
time measurement, 40 m from the station) are 
similar to the results at MMI (day-time 
measurement, next to the station). The 
reason for greater values for MM3 is the 
human factor. Namely, the measuring was 
performed at night, when a group of people 
was trying to steal some coal from the train 
wagon that had previously arrived. The 
driver gave siren warnings which influenced 
the noise measuring. 

Before comparing the obtained values with 
permitted values from Table 1 for Zone IV, 
correction of the obtained results was 
applied. According to Table 2, the correction 
value for railway traffic is -5dB. The 
comparison of obtained corrected values and 


permitted values depending on the time of 
day or night was shown in Figure 7. 


5.2. Noise maps 

The noise map is the representation of the 
existing or projected state of the noise level in 
the observed area and is an integral part of 
spatial planning. 

Based on the six measured locations other 
possible noises are predicted (Figure 8). The 
noise level measured in Travnicka Street is 
around 64.5 dB, and Fakultetska Street is 
from 58 to 65 dB. Sarajevska Street, which is 
the street with the heaviest traffic frequency, 
is expected to have the highest noise level of 
71 dB, Zacarina Street the least busy street has 
a noise level of 55.8 dB. ZAVNOBIH Street has 
a measured noise level of 64.9 dB. 
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Figure 10. Rail traffic noise map in the area of Kakanj Railway Station (no train traffic) 


For measurement points, MM1, MM2, MM8, 
MM9, MM11, and MM12 along the railway at 
different distances, and points MM3, MM7, 
and MM13 measured in a residential area are 
referred to as the noise levels when the 
railway traffic operates. For these 
measurements, the noise map is presented in 
Figure 9. The second noise map (Figure 10) 
refers to when there is no railway traffic, and 
four measurements were performed for the 


drawing of this map. Measurements at the 
point MM4 and MM5 were performed at 
locations along the railway, and 
measurements at the point MM5 and MM10 
were measured in the residential area. All 
results from the second map are within the 
permitted limits, so green is the dominant 
color on the map. 

Noise levels are divided so that burgundy and 
red colors refer to higher noise levels, i.e., 
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higher than permitted limits while the green 
color symbolizes the noise levels within the 
permitted limits. On the noise map, noise 
levels for other locations outside these 
thirteen measuring points were constructed 
with the assumption that the noise spreads 
evenly for locations that have similar 
characteristics t the measured ones. The 
displayed map clearly shows areas with high 
noise levels and gives a clear overview of the 
noise distribution for the specified areas. An 
important fact shown on the map is that a 
large part of the residential area near the 
Railway station is daily exposed to excessive 
noise caused by rail traffic (red zone). Also, it 
is said that by leaving the train away from the 
station and increasing the train speed (when 
there is no braking and the siren sound) the 
noise levels go back to allowed values (yellow 
zone). The latter confirms the assumption 
that the population living near the station is 
exposed to excessive noise levels due to 
railway traffic, and the noise levels are 
within the permitted values when there is no 
railway traffic (green zone). 


6. CONCLUSION 

Based on the analysis of the results obtained 

in the measuring road traffic noise section 

following can be concluded: 

e After comparing the obtained results 
between the sound level meter 
Bruel&Kjaer Type 2250 and the mobile 
application NoiseCapture the deviations 
in the range of 1 to 3 dB between the two 
devices are negligible. 

e The Mobile application downloaded on a 
mobile phone whose cost price is 
significantly lower than the Bruel&Kjaer 
Type 2250 sound level meter is 
compatible for measuring noise levels in 
described conditions. 

e The Mobile application is suitable for 
indicative measurements, i.e., whether if 
mecessary or not to perform 
measurements with a sound level meter. 

e The results of measurements with a 
mobile phone are significantly affected 
by the sensitivity of the microphone of 
the specified model of mobile phone used 
during the investigation. 


In the road traffic measurement, the 
deviation of the measured values from 
the permitted values was observed. 

At all six measuring points, the noise 
levels exceed the permitted value by an 
average of 8.16 dB Leg. 

The highest deviation to the permitted 
value was measured at the measuring 
point MM4 (13.2 dB more than allowed) 
The population living near the railway 
station is exposed to higher values of 
noise levels than the permitted values. 
This problem is present both day and 
night time. 

The measurement of the distances from 
the station shows that the railway traffic 
noise level outside the station is within 
the permitted value when the train 
reaches the desired speed. 

The railway traffic can meet legal 
regulations related to noise if some 
solutions for railway stations are taken 
and if there is a constant improvement of 
the railway infrastructure. 

The measurement values used for 
making Map No. 2 show that the highest 
impact on the noise level specified in the 
residential area near the Railway station 
has railway traffic, even though other 
measuring locations were placed near 
heavy industrial plants and highways. 
The solution for the elimination of traffic 
noise affecting the health of the local 
population is the construction of sound 
barriers at the railway station. That 
would solve the exposure problem of both 
the local inhabitants and wildlife. 

The level of road traffic noise could be 
controlled by encouraging the use of 
public transport to reduce the number of 
cars on the street, relocating part of the 
traffic outside the city zone if possible, 
and improving the traffic culture of 
individuals. 

The solution to reducing the noise levels 
for the local population is the trees and 
shrubs planted along with the railway 
station. 

The most expensive but also the best 
long-term solution for railway traffic 
noise is the replacement of old trains 
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with more modern ones because the 
current trains are old as well as rails. 
The measured values of noise levels from 
this paper can be used for raising 
awareness of excessive noise, and to give 
a realistic display of the current state of 
noise levels for used locations. 

Since the problem of excessive noise 
significantly affects the health of the 
inhabitants, it is necessary to do some 
serious research in the future on the topic 
of road and railway traffic noise levels in 
Bosnia and Herzegovina. 
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